Molecular controls of the plant cell cycle must integrate environmental signals within developmental contexts. Recent advances highlight the fundamental conservation of underlying cell cycle mechanisms between animals and plants, overlaid by a rich molecular and regulatory diversity that is specific to plant systems. Here we review plant cell cycle regulators and their control.
Introduction
Cell division is a fundamental characteristic of all living organisms but only eukaryotes make use of a temporal separation between DNA replication (S phase) and chromosome segregation into daughter cells (M phase). The basic controls that allow this separation appear to be conserved in all eukaryotes and rely on cyclin-dependent kinase complexes that regulate key transitions at the entry into S phase and mitosis. This mechanism provides several possible levels for regulation of cell cycle components and their activity, and has been diversified in different eukaryotic groups to achieve appropriate responses of cell division to intrinsic and extrinsic signals.
Particularly important in the evolution of higher eukaryotes were mechanisms to allow the co-ordination of cell division with organismal growth, as well as the differentiation of complex patterns of cell types within multicellular tissues. This permitted the elaborate body plans of higher animals and plants to evolve and appears to be mediated by controls that operate primarily during the G 1 phase of the cell cycle, at or before the point of commitment to division. Particularly interesting is the accumulating evidence that these controls are unexpectedly similar in mammals and plants, as they involve retinoblastoma-like proteins, the transcription factors E2F, and D-type cyclin kinases [1] [2] [3] 4 •• ]. None of these proteins is present in yeasts or fungi. This raises the intriguing possibility that the invention of this G 1 pathway was a defining event that allowed the elaboration of complex multicellular organisms [4 
Overall, a picture of the plant cell cycle is emerging ( Figure 1 ) where certain fundamental regulators are conserved with other eukaryotes, but the mechanisms of their control, the diversity within classes of regulator, and their integration into growth and development is frequently plant-specific. Excellent reviews of the plant cell cycle have appeared recently [5 •• ,6] , so here we cover recent advances in the understanding of the control mechanisms of the plant cell cycle, and place these into the context of conserved and plant-specific aspects.
Cyclin-dependent kinases
The cyclin-dependent kinases (CDKs) are specific serine/threonine kinases that control progression through the cell cycle in all eukaryotes. Their activity is regulated both by association with cyclin regulatory subunits (see below) and by specific phosphorylation/dephosphorylation events. They are characterised by specific motifs that function in cyclin-and ATP-binding, as first described for the human Cyclin A/CDK2 complex [7] , as well as conserved sites of regulatory phosphorylation [8] .
Numerous homologues of CDKs have been isolated from a variety of monocotyledonous and dicotyledonous plants (e.g. [5 •• ,9,10]). The CDKs can be separated into two main groups. The PSTAIRE group contains the PSTAIRE (in the single letter code for amino acids) sequence within a perfectly conserved 16 residue cyclin interaction motif. These direct homologues of the fission yeast cdc2 gene are often referred to as cdc2 or cdc2a proteins in plants. The nomenclature CDK-a has recently been proposed for PSTAIRE-containing CDKs in plants [5 •• ] . The non-PSTAIRE-CDKs have a variant motif at the equivalent position -the first to be identified carrying the plant-specific motif PPTALRE or PPTTLRE [9,10] and recently renamed the CDK-b class [5 •• ] . In fact, expression analysis and sequence homology ( Figure 2 ) suggests that two distinct CDK-b sub-groups exist (CDK-b1 and CDK-b2) [9, 10] . Interestingly, the mRNA and protein products of the CDK-b class genes are only present from S to M phase, a pattern of CDK regulation unknown in other eukaryotic groups; moreover, in other eukaryotes, only PSTAIRE CDKs are responsible for G 2 /M control, whereas in plants the CDK-b group appears to be important.
Recent identification of non-PSTAIRE CDK genes in Arabidopsis thaliana and alfalfa extends the known diversity of CDKs present in plants, including examples related to human cholinesterase-related cell division controller (CHED) protein kinases [10, 11] . In contrast to the ubiquitous expression of Arabidopsis cdc2aAt (CDK-a) and cdc2bAt (CDK-b1), expression of the CHED-like cdc2cAt is restricted to flowers. Like human CHED proteins, these plant homologues could also be involved in differentiation
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CDK activity requires not only cyclin binding but an activating phosphorylation on a threonine residue within the CDK T-loop by a CDK-activating kinase (CAK) [ [15] .
Further CDK regulation occurs through inhibitory phosphorylation of conserved threonine and tyrosine residues (Thr14 and Tyr15) by the kinases myt1 and wee1 [12] . Removal of these phosphates by cdc25 phosphatases is needed for full CDK activity. A maize wee1 homologue that can inhibit CDK activity has been identified [16 •• ] , and Nicotiana plumbaginifolia suspension-cultured cells arrested in G 2 by cytokinin starvation can be induced to resume mitosis by inducible expression of yeast cdc25 [17, 18] . These results show that Tyr15 phosphorylation of CDKs is an important control in plant mitosis. The inducible cytokinin-independence of these cells also suggests that the only function of this hormone in this culture is to control dephosphorylation of CDKs [17] . Whether this result is specific to the particular cell culture or species Table 1 Regulators of the plant cell cycle. 
Class of cell

Cyclins
Cyclins complex with CDKs to control the activity, substrates and subcellular localisation of CDKs. In plants, the major classes of cyclin have homology to animal groups, including the A-and B-type cyclins (CycA and CycB) and the G 1 cyclins (CycD), and numerous examples continue to be isolated and analysed [20, 21, 22 • ,23 • ]. Several groups exist within each class defined on the basis of sequence similarity [24] . CycA and CycB cyclin genes are expressed in a cell-cycle dependent manner, peaking around the G 2 /M transition (Atype cyclins somewhat earlier than B-type), and differences in the timing of expression exist even between genes encoding different sub-types of CycA cyclins [25] .
CycD cyclin genes, like their animal counterparts, show cellcycle independent expression, their transcription being induced by the presence of mitogens. The genes encoding CycD cyclins are induced at specific times during cell cycle re-entry but generally remain expressed at a constant level in actively dividing cells [22 • ,26-28] . However, the transcripts of two tobacco cyclins CycD2;1 and CycD3;1 accumulate during mitosis in synchronised BY-2 cells, which is unusual for D-type cyclins [22 • ]. A novel cyclin (CycD4) from Arabidopsis is related to the CycD2 group, and is expressed during formation of lateral root primordia [29 • ]. Figure 2 ) has been reported [2, 3] . CDK activity is inhibited by both CKIs and tyrosine phosphorylation of Thr14 and Tyr15. For entry into mitosis, the kinase complex needs to associate with Cks1 and the inhibitory phosphate must be removed by tyrosine phosphatase. At the end of M phase, the cyclins are targeted for destruction.
required for the full M phase expression of a Nicotiana sylvestris CycB1 is a Myb-binding element [31] . The consensus sequence of these M-specific activators (MSA) is also found in promoters of other genes expressed in G 2 and M phases.
The destruction of CycA and CycB cyclins at specific points during M phase depends on a destruction box motif which mediates their ubiquitin-dependent proteolysis [32, 33] , whereas most CycD cyclins contain PEST sequences, regions rich in proline, glutamate, serine and threonine, which are thought to be a signal for the rapid proteolysis of many proteins [22 • ,26,34] . Fusions of DNA encoding the amino-terminus of CycA or CycB cyclins to a reporter gene conferred cell cycle-specific turnover to the reporter protein, which was reduced by mutation of conserved residues in the destruction box [35 • ].
The plant growth regulators, auxin and cytokinin, have long been implicated in control of the plant cell cycle [36, 37] . Progress has recently been reported in the elucidation of their mode of action in the cell cycle, although caution is needed in the interpretation of results in this area because the involvement of hormones in plant cell cycle control often appears to be highly system-or species-specific, particularly in the case of suspension cultures.
Inhibitor studies suggest zeatin is needed for the G 2 
Cyclin-dependent kinase interacting proteins
Retinoblastoma protein and G 1 /S controls
A major control of the G 1 exit in animals is exerted by the retinoblastoma protein (Rb). Progression into S phase requires the activity of E2F transcription factors but, during G 1 , E2F is bound by Rb, which recruits histone deacetylases to the promoters of E2F-regulated genes thereby switching off their transcription.
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Figure 2
Sequence relationships of plant CDKs are defined by the presence of a PSTAIRE motif (CDK-a) or its variant sequences PPTALRE (CDK-b1) or PPTTLRE (CDK-b2). This analysis clearly indicates the two subgroups present within the CDK-b group. Expression analysis suggests that genes encoding the CDK-b1 group are induced in S phase, whereas CDK-b2 genes are induced during G 2 [9,10]. Sequences were aligned and displayed using GCG Pileup; almost identical results were obtained using CLUSTAL. Os, Oryza sativa (rice); Zm, Zea mays (maize); Am, Antirrhinum majus (snapdragon); Nt, Nicotiana tabacum; Ms, Medicago sativa (alfalfa); At, Arabidopsis thaliana. Sequences from public databases, except Cdc2Nt2 (DA Sorrell, Y Su, S Healy, JAH Murray, unpublished data). . Human Rb interacts with histone deacetylases through the RbAp48 (MSI1) protein, and the identification of plant MSI1 homologues suggest that plant Rb may also recruit histone deacetylase [48] .
Cell cycle and development
The importance of cell cycle regulation in developmental processes has only recently started to receive significant attention, but the differential regulation of some cell cycle genes in specific tissues or cell types and in response to plant growth regulators suggests a role for cell cycle processes in differentiation and development [4 [53] , are clearly linked to the duration of the cell cycle and to the proportion of actively dividing cells.
Laufs et al. [54 •• ] have performed a detailed analysis of the shoot apical meristem of Arabidopsis, measuring the dimensions of the meristem itself, cell size and number and mitotic index within the meristem as well as the spatial distribution of mitoses. Data from wild-type and mutant meristems can be combined to develop a better understanding of how meristems are formed and organ patterning organised with cell growth and division. This, however, requires understanding of how the cell cycle regulators are linked to genes that co-ordinate meristem function [55, 56] . More analytical approaches to cell division and expansion, such as that of Beemster and Baskin [57] , may also prove important in understanding the regulation of plant growth.
Conclusions
The past year has seen a significant increase in our understanding of many aspects of the plant cell cycle. The extent of conservation of G 1 /S regulators with mammals is striking and implies that the evolution of the Rb pathway occurred before the separation of plant and animal lineages. Moreover, understanding of plant-specific aspects of cell division and its regulation is rapidly increasing. Future functional analysis will help in understanding whether the large number of genes for cell cycle regulators, especially cyclins, is indicative of subtly distinct functions or extensive redundancy. More work needs to be done to determine how components are regulated and interact in vivo and whether all are indeed involved in regulation of cell proliferation. In particular, careful studies are necessary to identify genes controlling cell cycle responses from those induced as a consequence of cell cycle activity. We should also expect exciting progress in understanding how cell cycle controls are integrated with whole plant growth and development [58] . 45. Wang H, Qi QG, Schorr P, Cutler AJ, Crosby WL, Fowke LC: ICK1, a •• cyclin-dependent protein kinase inhibitor from Arabidopsis thaliana interacts with both cdc2a and CycD3, and its expression is induced by abscisic acid. Plant J 1998, 15:501-510. The first detailed analysis of a CKI (CDK inhibitor protein) in plants, which is shown to bind both to the CDK (cdc2a) and to the cyclin CycD3 raising the interesting possibility of dual modes of action in inhibiting both assembly and activity of the CDK complex. Interestingly, ICK1 is shown to be induced in the presence of abscisic acid, suggesting that it may be involved in cell cycle arrest in response to this hormone.
